Abstract | The lethal consequences of prostate cancer are related to its metastasis to other organ sites. Epithelialto-mesenchymal transition (EMT) has received considerable attention as a conceptual paradigm to explain invasive and metastatic behavior during cancer progression. EMT is a normal physiologic process by which cells of epithelial origin convert into cells bearing mesenchymal characteristics. It has been proposed that EMT is co-opted by cancer cells during their metastatic dissemination from a primary organ to secondary sites, but the extent to which this recapitulates physiologic EMT remains uncertain. However, there is ample evidence that EMT-like states occur in, and may contribute to, prostate cancer progression and metastasis, and so has become a very active area of research. Here we review this evidence and explore recent studies that have aimed to better define the role and mechanisms of EMT in prostate cancer. While definitive evidence of something akin to physiologic EMT is still lacking in human prostate cancer, this area of research has nonetheless provided new avenues of investigation into the longstanding puzzles of metastasis, therapeutic resistance, and prognostic biomarkers.
Introduction
EMT is a normal physiologic process in vertebrate develop ment (for example, gastrulation) and tissue homeostasis (for example, wound healing), and is increasingly thought to be involved in disease states such as tissue fibrosis and cancer. As numerous excellent reviews have extensively covered these issues, 1 here we will primarily focus on efforts to define the role of EMT in the specific pathophysiology of prostate cancer. This is a very active area of prostate cancer research, with over 100 papers related to EMT and prostate cancer alone published in the past 3 years. Physiologic EMT triggered by local inductive cues is characterized by changes in gene expression, including decreases in epithelial genes, such as E-cadherin (also known as cadherin 1 [CDH1]), and increases in mesenchymal genes, such as vimentin, driven by transcription factors (such as those in the Snail, Twist and ZEB families), and is associated with altered cell morphology (loss of apical-basal polarity) and a concomitant change from a sessile to a migratory state. Two other important aspects of physiologic EMT are that, first, it is reversed in some cases via a mesenchymal-toepithelial transition (MET); and, second, that these need not represent binary states, but rather a continuous spectrum of changes that occur to a greater or lesser degree depending on the biological context. Dr Elizabeth Hay is widely credited with popularizing the notion that EMT may contribute to cancer metastasis in the early 1990s. 2 This presents the very attractive hypothesis that EMT could enable epithelial-derived cancer cells to migrate to distant sites during metastasis.
In this way, a very intricate behavior of cancer cells could reflect a normal process occurring out of context, rather than a complex accumulation of genetic and epigenetic events. One could trace the roots of EMT research in prostate cancer to the same time period as the finding that E-cadherin expression is commonly lost or reduced in human prostate cancer specimens. Moreover, a preceding analysis had revealed that loss of E-cadherin expression within sublines of the Dunning rat model was correlated with metastatic colonization. 3 Although these results were not interpreted in the context of EMT at the time-and loss of E-cadherin expression alone is not sufficient evidence for EMT-they presaged a number of the key issues discussed in the remainder of this Review regarding evidence for EMT in pathological specimens, and how studies involving cultured prostate cancer cell lines and animal models can be translated into understanding what happens in human disease. What has emerged is a more nuanced view of the possible role of EMT-or processes resembling EMT-in human prostate cancer.
Evidence for EMT in prostate cancer
Human cancer specimens One of the most controversial aspects of EMT in cancer, including prostate cancer, is the degree to which one can find evidence for it in human pathological specimens. cells invading the tumor stroma. 6 Within the affected prostate, many of these patterns coexist amongst benign tissue, and different tumor foci may be present. This heterogeneity underlies the complexity of this disease and the difficulty in discriminating those patients with indolent disease from those with more aggressive prostate cancer. One interpretation of this pathology is that local tumor microenvironments might promote the highgrade patterns, which include changes that are consistent with EMT. However, this superficial resemblance does not constitute proof. Whether related to EMT or not, it is also worth noting that rare histological types of prostate cancer, such as phyllodes tumor and carcinosarcomas, clearly show elements of both transformed epithelial and mesenchymal cells. 7, 8 Further evidence is derived from analysis of molecular markers. The simplest expectation is that if EMT were facilitating metastatic dissemination, then changes in gene expression associated with EMT should be evident in primary tumors and enriched in meta stases ( Figure 1a ). However, current evidence suggests that this is unlikely to be generally true. Numerous studies have evaluated E-cadherin expression in prostate cancer specimens (Table 1) . While there is broad agreement that focal, aberrant E-cadherin protein expression is often observed in prostatectomy specimens (18-50%), the status of E-cadherin expression in metastases remains more question able. While some studies report reduced E-cadherin expression in both bone and lymph node metastases, 9 ,10 others clearly show that it is expressed at normal levels. 11, 12 There may be site-specific effects on E-cadherin expression, or the loss of E-cadherin expression may be trans ient, whereby expression is lost in primary tumors but re-expressed in metastatic sites. 3, 12 While inconsistent with a simple model of EMT, MET triggered by escape from EMT-inducing stimuli at the primary site and/ or induction at the metastatic site could explain EMT reversal (Figure 1b) . Consistent with this idea, TSU-Pr1 bladder cancer sublines with epithelial characteristics exhibited more-robust growth in bone following intratibial injection than those with mesenchymal features. 13 However, convincing evidence for MET occurring in human prostate cancers has not yet emerged.
Loss of E-cadherin expression alone is not sufficient evidence for EMT, as this molecule is known to be regulated in cancer at many levels that might be un related to EMT.
14 Loss of E-cadherin immunostaining in prostat ectomy specimens and lymph node metastases is accompanied by increased expression of N-cadherin (also known as cadherin 2 [CDH2]) and cadherin 11, both of which are mesenchymal cadherins. This led to the development of the concept of 'cadherin switching' , which is consistent with an EMT-like state. 15 In prostate cancer cell lines, E-cadherin can be co-expressed with N-cadherin, consistent with the idea of partial EMT. 16, 17 Other markers have been evaluated, with vimentin and transcriptional regulators of EMT having drawn the most attention ( Table 1 ). The latter are of particular importance, as they are arguably the best diagnostic markers of EMT to date. However, concluding whether or not EMT occurs in human prostate cancer on the basis of static analysis of pathologic specimens is difficult for several reasons: first, the lack of unambiguous markers, or even a coherent definition of EMT in prostate or other cancers; second, the typical concerns related to the specificity of immunostaining or possible misinterpretation due to stromal staining; and third, the lack of longitudinal evaluation. The purportedly dynamic and, perhaps, transient nature of EMT in the tumor microenvironment necessitates some effort to show that such a process occurs over time in a particular lineage of cancer cells. Snapshot views of the pathology, as we currently have, do not exclude other models to explain differences in marker expression. Such evidence may be difficult to obtain from human cancer specimens.
Prostate cancer cell lines
Much of what is reported about EMT in prostate and other cancers is based on studies involving cultured cells. An oft-repeated finding is that prostate cancer cell lines display a high degree of heterogeneity, manifest in the coexistence of distinct subpopulations of cells representing a spectrum of changes associated with EMT. This includes cell lines derived from the Dunning rat model, 3 the prostate-specific Pten-knockout mouse, 19 and has also been observed in the PC-3, 17,20 DU145, 21 and ARCaP 22 human prostate cancer cell lines, each of which were originally isolated from metastatic lesions. In each case, subpopulations with either epithelial or mesen chymal features have been isolated by various means. Many of the details of these investigations are described in the following sections. The common findings are that cells with more mesenchymal features exhibit a more-invasive phenotype in vitro and display more-aggressive behavior in metastatic colonization models, although these trends are not without exception. 23 Three-dimensional culture systems might also prove useful for analysis of EMT, as more features of polarized epithelial cells can be evaluated. MET has also been reported to occur in these systems. [24] [25] [26] If EMT does occur in primary prostate cancers, how, if at all, does the mesenchymal state relate to the normal development and homeostasis of the prostate? Work from the Weinberg laboratory raised the possibility that SNAI1-driven EMT in breast cancer produces cells with stem-cell-like and enhanced tumor-initiating properties. 27, 28 Alternatively, work from the Chinnaiyan group shows that, via the concerted action of TMPRSS2-ERG gene fusions and the EZH2 histone methyltransferase, androgen receptor (AR)-driven differentiation is blocked, producing cells with stem-cell-like characteristics. 29 The existence of prostate cancer stem cells has not yet been definitively established; 30, 31 therefore, it is difficult to say whether EMT and cancer stem cell behavior are indeed linked in prostate cancer. Nevertheless, experiments with prostate cancer cell lines have suggested this possibility ( Figure 1d ). 32, 33 While it is tempting to speculate that the heterogeneity observed in prostate cancer cell lines is reflective of EMT in tumors, these findings must be interpreted cautiously, as cell culture might select for outgrowth of variants arising ex vivo. This also applies to experimental manipulations that purport to induce or reverse EMT phenotypes in vitro. Indeed, it is critically important to distinguish between true EMT, which involves a phenotypic conversion of a lineage of cells in response to some inductive stimulus, and apparent EMT, in which cells bearing the hallmarks of EMT arise due to selective outgrowth of cells from pre-existing variants within a diverse tumor cell population, whether in vitro or in vivo. 34 The latter may resemble EMT, but arise through a quite differ ent mechanism (Figure 1e ). For these reasons, and those discussed in the previous section, we favor the term "EMT-like", as proposed by others in reference to EMT in cancer, as this reflects uncertainty in both its molecular definition and mechanistic origins. 35 Considering this, Figure 1 summarizes several possible models for the involvement of EMT-like states in prostate cancer metastasis, whereby similar pathological presentations can be accomplished by different avenues of procession. 
Mechanisms of EMT-like states in cancer
EMT-like states in prostate cancer are likely to become manifest by the concerted actions of a host of mechanisms, which we have organized into inducers (cellextrinsic inductive stimuli), controllers (cell-intrinsic means of interpreting such stimuli) and effectors (proteins that mediate EMT-like behaviors) ( Figure 2 ). The diverse array of mechanisms reported to induce EMT-like states in cultured cancer cells alone suggests that the definition of what EMT is in cancer should be re-evaluated.
Inducers
A key tenet of the hypothesis that EMT contributes to prostate cancer progression is that the tumor microenvironment provides local cues to induce EMT. Numerous growth factors are potential mediators of paracrine (or autocrine) induction of EMT-like states in prostate cancer, including endothelial growth factor (EGF), hepatocyte growth factor (HGF), insulin-like growth factor 1 (IGF-1) and platelet-derived growth factor (PDGF). [36] [37] [38] [39] Two growth factors deserving of particular consideration are fibroblast growth factor (FGF) and transforming growth factor β (TGF-β), both of which are known to have roles in physiologic EMT.
FGF signaling
Altered FGF signaling has been implicated in prostate cancer progression. 40 In a very compelling set of experiments, Acevedo et al. 41 used a novel mouse model to show that inducible activation of this pathway via FGF receptor 1 (FGFR1) led to an EMT-like state in the mouse prostate that was associated with increased lymph node and liver metastasis, and the metastatic foci were found to retain mesenchymal features. Gene expression studies in tumors derived from these mice implicated upregulation of Wnt signaling and the transcription factor SOX9-the latter of which is known to synergize with Snail family members during neural crest development 42 -as mechanisms mediating this effect. While this constitutes strong evidence for the induction of EMT via this pathway, the authors provide caution that the promoter driving the expression of the FGFR1 construct could be expressed at low levels in the stroma, possibly contributing to the observed changes. Other studies have shown that FGFR4 and matrix metalloproteinase (MMP)-14 co-localize at the invasive edges of prostate cancers and are co-expressed in certain prostate cancer cell lines. Both a particular allelic variant of FGFR4 associated with aggressive disease outcomes and MMP-14 are required for invasive behavior in vitro and aggressive tumor phenotypes. Conversely, overexpression of MMP-14 induced an EMT-like state, including shedding of E-cadherin (which is noted in clinical cases) and upregulation of Wnt5A. 43, 44 Although the mechanism(s) by which FGFR4 facilitates MMP-14 activity and how this contributes to EMT are yet to be clarified, this pathway might particularly contribute to invasive behavior in the collagen-rich interstitial matrix.
TGF-β signaling TGF-β signaling has been the most intensively studied pathway with regard to its role in EMT and cancer progression, and remains a very complex and active area of research. 45 TGF-β can induce EMT-like states in various prostate cancer cell lines, as shown by a number of groups. Zhang et al. 46 found that TGF-β induced nuclear accumulation of nuclear factor κB (NFκB), and that pharmacologic inhibition of NFκB blocked development of EMT characteristics, consistent with other studies demonstrating a role for NFκB signaling in EMT. 47 Importantly, a signature of TGF-β, NFκB, and vimentin expression in a tissue microarray could predict biochemical recurrence independently of Gleason grade. On the other hand, and seemingly contrary to the idea that TGF-β signaling promotes EMTlike states, expression of dominant-negative TGF-β receptor type 2 (TGF-βR2) from the metallo thionein promoter led to reduced E-cadherin in the TRAMP mouse model of prostate cancer, consistent with previous studies that showed, using the same approach, that dominant-negative TGF-βR2 expression led to increased metastasis. 48, 49 In either case, the effects on EMT-like states and/or metastasis that result from blocking TGF-β signaling in this manner could have been due to actions outside of the prostatic epithelium. Dialog between the cancer-associated stroma and epithelium, mediated by TGF-β, interleukin 6, and MMPs, is a likely candidate for supplying microenvironmental cues that could trigger EMT-like states in primary prostate tumors. [50] [51] [52] Furthermore, other TGF-β superfamily members might also have a role in EMT or MET. , trigger downstream signaling. These pathways, via MAPK, Smad, GSK3β, and NFκB, result in increased activity of transcriptional repressors in the ZEB, Twist, and Snail families, which repress E-cadherin and other epithelial cell adhesion proteins and induce other mesenchymal proteins. Epigenetic mechanisms involving EZH2 can promote EMT-like states, whereas miRNAs (such as miR-101 or those in the miR-200 family) might act to maintain epithelial status. Importantly, this picture presents numerous mutually reinforcing mechanisms that might promote the EMTlike state. Abbreviations: CDH1, cadherin-1 (E-cadherin); ERβ, estrogen receptor β; FGF, fibroblast growth factor; GSK3β, glycogen synthase kinase 3β; HIF-1α, hypoxia inducible factor 1α; IGF, insulin-like growth factor; ITGβ4; integrin β4; LAM332, laminin-332; MAPK, mitogen-activated protein kinase; miRNA, micro RNA; NFκB, nuclear factor κB; PKD1, protein kinase D1; RKIP , Raf kinase inhibitor protein; sFRP , secreted frizzled-related protein; TGF-β, transforming growth factor β; VEGF-A, vascular endothelial growth factor A; WIF, Wnt inhibitory factor.
Estrogen receptor β Hypoxia is another tumor microenvironmental influence that has been suggested to be a cue for EMT, although this topic has received less attention in prostate cancer compared to other tumor types. 55 An interesting 2010 study by Mak et al. 56 showed that the effects of both hypoxia and TGF-β on an EMT-like state might be mediated by estrogen receptor β (ERβ). Expression of ERβ in the prostate epithelium is downregulated in high Gleason grade patterns. In cultured prostate cells, both hypoxia and TGF-β lead to concomitant downregulation of ERβ expression and changes in EMT markers, and ERβ knockdown alone is sufficient to induce an EMTlike state. Further studies support the idea that ERβ, in response to its endogenous ligand 5α-androstane-3β, 17β-diol, normally enforces an epithelial phenotype via multiple repressive effects on hypoxia inducible factor 1α (HIF-1α) and its target gene, vascular endothelial growth factor A (VEGF-A). The latter has been implicated as an autocrine regulator of an EMT-like state. 57 Though a number of the mechanistic details for this model are still unclear, substantiation of these findings could lead to new prognostic and therapeutic approaches.
Controllers
Environmental stimuli are ultimately converted into intracellular signals that drive the changes associated with EMT. Three general mechanisms work in concert to regulate EMT-like states: signal transduction cascades, transcription factors, and epigenetic mechanisms, including chromatin modification, DNA methylation, and RNA interference, each of which has been found to have a role in prostate cancer progression. Prominent signal transduction pathways (such as Ras-MAPK, PI3K-AKT, and NFκB) have been implicated in EMT-like states in addition to their numerous other roles in cancer.
DAB2IP
Recent studies suggest an interesting role for DAB2IP (disabled homolog 2-interacting protein) in this context. DAB2IP is a multifunctional scaffold protein with RAS GTPase activating activity, 58, 59 and loss of DAB2IP expression via an epigenetic mechanism is commonly observed in prostate cancer specimens. 60, 61 Xie et al. 62 found that knockdown of DAB2IP resulted in an EMT-like state in prostate cancer cell lines, and implicated DAB2IP in the modulation of Wnt signaling. DAB2IP knockdown promoted metastasis in an orthotopic xenograft model, and Dab2ip-knockout mice developed prostatic hyperplasia that exhibited mesenchymal characteristics. Concordantly, Min et al. 63 independently found that DAB2IP knockdown promoted an EMT-like state and metastasis in orthotopic models. In this case, the selective outgrowth model was excluded. These authors went on to show that DAB2IP coordinately activates both Ras and NFκB signaling and is a target for EZH2-mediated gene silencing, which has also been implicated in prostate cancer metastasis. 61, 64 Together, these studies point to a critical role for DAB2IP in mediating an EMT-like state and context-dependent metastatic behavior via its effects on multiple signaling pathways. Moreover, they raise the possibility that intrinsic epigenetic changes could trigger EMT-like states.
Wnt signaling pathway
The Wnt signaling pathway has been implicated in both physiologic EMT and EMT-like states in numerous cancers, including those of the prostate. Stable overexpression of the secreted Wnt antagonists sFRPs (secreted frizzled-related proteins) or WIF1 (Wnt inhibitory factor 1) results in increased expression of epithelial markers, decreased invasiveness, and corresponding downregulation of SNAI2 and TWIST1. 65, 66 This is consistent with the idea that canonical Wnt signaling activates glycogen synthase kinase 3β (GSK3β), resulting both in the stabilization and subsequent nuclear translocation of β-catenin as well as phosphorylation of SNAI1, which promotes its nuclear localization and, therefore, activity as a transcription factor. Recent results make an interesting connection between TMPRSS2-ERG gene fusions and Wnt pathway activation, demonstrating that ERG can drive the expression of the Wnt receptor Frizzled-4, which, in turn, is required for expression of a number of EMT markers. 67 Again, like with DAB2IP, this indicates that EMT-like states may arise through primary genetic or epigenetic events. Opposing the activation of Wnt signaling is protein kinase D1, which has been shown to phosphorylate SNAI1 at different sites from GSK3β, promoting its nuclear export and thereby extinguishing its transcriptional activity. 68 G-protein-coupled receptor signaling might also influence an EMT-like state via the Wnt pathway. 69 Androgen receptor signaling Given its central role in disease progression, it is not surprising that AR signaling has also been implicated in driving EMT-like states. Using a mouse tissue recombination model, Cai et al. 70 found that wild-type cellular Src, when co-expressed with AR, led to an EMT-like state and invasive tumor behavior. Activation of MAPK signaling was also implicated in these phenotypes. Interestingly, in prostate cancer cell lines derived from Pten-deficient mice, those from androgen-replete animals exhibited EMT-like changes compared to those from castrated animals. 19 In contrast, reduced AR expression in human prostate cancer cell lines was associated with an EMTlike state in response to androgens. 71 Importantly, TMPRSS2-ERG gene fusions collaborate with AR and EZH2 to establish a dedifferentiated, EMT-like state, further ing the notion that this can arise through mutational events as opposed to local inductive cues. 29 Further clarification of the role of AR signaling in EMT-like states is awaited.
Transcription factors
In physiologic EMT, a cadre of transcription factors mediates the changes in gene expression underlying the dramatic alterations in cell identity and behavior. Prominent examples are members of the Snail, Twist, and ZEB families, but also included are ETS-family members such as ERG and PDEF (Table 1) . 72 These and other transcription factors affecting EMT are often co-expressed; how their overlapping activities are coordinated to produce EMT-like states in prostate or other cancers is still unclear. SNAI1 directly represses E-cadherin and, interestingly, RKIP (Raf kinase inhibitor protein), which has been identified as a metastasis suppressor in prostate cancer via its inhibition of signaling through the Ras-MAPK and NFκB pathways. 73 As mentioned above, these pathways act upstream of SNAI1, suggesting the possibility of a positive feedback loop that maintains an EMT-like state. TWIST1 induces EMT-like states, including upregulation of N-cadherin. 74 Nuclear localization of TWIST1 in PC-3 cells depends on interaction between β1-integrin and fibronectin, indicating that EMT-like states might be modulated by the matrix microenvironment. 75 A gain-of-function p53 allele was shown to regulate TWIST1 expression, suggesting yet another mechanism by which a genetic change may influence EMT-like states.
76 ZEB1 is also a direct repressor of E-cadherin in prostate cancer cell lines, and its level of expression correlates with Gleason score.
17,38 IGF-1, via the Ras-MAPK pathway, increases ZEB1 expression and induces an EMT-like state in ARCaPE cells. 38 
Epigenetics
Epigenetic mechanisms are also involved in controlling EMT-like states, although it is still largely unclear whether these are a cause or an effect of this state. An attractive feature of these mechanisms is that, unlike mutations, they can be reversed, which is consistent with the reversible nature of EMT. The E-cadherin promoter is methylated in a substantial proportion of prostate cancer cases, but is often found unmethylated in bone metastases, consistent with immunohistochemistry findings. 77, 78 As mentioned above, the EZH2 histone methyltransferase, a component of the polycomb repressive complex 2 (PRC2), has been implicated in prostate cancer progression, and acts to maintain an undifferentiated state in embryonic stem cells. 64 In addition to its role in repressing DAB2IP expression, overexpression of EZH2 has also been shown to repress E-cadherin expression. 79 Interestingly, this was not associated with subsequent DNA methylation, indicating that these mechanisms are not linked at this locus. Precisely how PRC2 acts on specific targets is unclear, but, in other contexts, SNAI1 can direct PRC2 to targets such as CDH1 and PTEN. 80 Moreover, the TMPRSS2-ERG gene fusions commonly found in prostate cancer activate EZH2 expression and direct EZH2 complexes to target loci. 29 In a related vein, the polycomb repressive complex 1 (PRC1) component BMI-1 might also regulate epigenetic status, leading to EMT-like states. BMI-1 is necessary for self-renewal of prostate stem cells, and its expression is elevated in prostate cancer. 81, 82 Micro RNAs Micro RNAs (miRNAs) have also been implicated in the control of the epithelial-mesenchymal axis; this is particularly true for the maintenance of the epithelial phenotype. Moreover, they are inter-related with each of the mechanisms discussed above that control EMT-like states. One interesting example involves a reciprocal negative feedback loop between miR-200 family members (miR-200a, miR-200b, miR-200c, miR-141 and miR-429) and ZEB proteins. [83] [84] [85] Exposure to EMT inducers such as TGF-β can break this mutually inhibitory loop and facilitate ZEB protein expression with miR-200 repression via reversible DNA methylation. 86 Similarly, Kong et al. 87 found that PDGF-D reduces miR-200 expression, allowing upregulation of epithelial-mesenchymal axis controllers (including ZEB1, ZEB2, and SNAI2). miRNA profiling efforts in prostate cancer cell lines and clinical specimens have identified downregulation of miR-203 and miR-205. 88, 89 In both of these cases, enforced expression of these miRNAs in prostate cancer cells restores epithelial characteristics, including E-cadherin expression. Both of these miRNAs repress ZEB2, but they are likely to regulate other targets that contribute to an EMT-like state. A compelling finding that links several mechanisms discussed here involves miR-101. EZH2 is a predicted (and subsequently confirmed) target of miR-101 that frequently exhibits genomic deletions in prostate cancer. 90, 91 Re-expression of miR-101 reduced EZH2 expression and activity, and produced MET-like changes.
Thus, taken together with the findings mentioned above, here is another example of how an underlying genetic mutation can result in a series of events that produce an EMT-like state. While there is much more to learn about the role of epigenetic mechanisms in prostate cancer progression, their connection to producing EMTlike states in association with aggressive disease is likely to be a fruitful area of research.
Effectors
The combined actions of the inducers and controllers described above lead to changes in the expression or activity of a variety of genes that carry out EMT-like behaviors. Although these effectors are known to mediate epithelial polarity, cell adhesion, and the development of invasive phenotypes, as well as alter cell survival, the protein players and the mechanisms underlying precisely how this occurs are not clearly characterized.
Cell migration and invasion
As presented previously, cadherin switching is a typical EMT-like change that is thought to facilitate homotypic cell-cell adhesion, which may promote metastatic dissemination. Tran et al. 20 showed that N-cadherin-positive PC-3 cells were able to invade muscle more readily than those expressing E-cadherin. More recently, our lab showed that an N-cadherin-positive PC-3 subpopulation migrated more efficiently across an endothelial monolayer than those expressing both E-cadherin and N-cadherin. 17 Other roles for N-cadherin in cancer progression include mediating FGF signaling. 92 Importantly, recent studies have shown that N-cadherin is upregulated in castrate-resistant disease, both in animal models and in human specimens, and that forced N-cadherin expression alone, quite surprisingly, can drive castrateresistant disease, EMT-like states, invasion and metastasis. 93, 94 The mechanism by which N-cadherin supports these phenotypes is not yet elucidated, but promises to be an exciting area of future research.
While EMT-like states are generally associated with increased invasive behavior, our mechanistic understanding of the effectors involved in this complex phenotype is incomplete. HGF is well known to induce cell scattering-an EMT-like behavior-due in part to its effects on relocalizing lysosomes to the cell peri phery and increased cathepsin B secretion. 95 Vimentin was shown to be necessary for the invasive phenotype in an aggressive LNCaP-derivative cell line, but was not sufficient to confer this phenotype to parental LNCaP cells. 96 Indeed, EMT-like states can produce counterintuitive findings with regard to cell invasion. We found that while a PC-3 subpopulation that endogenously expresses ZEB1 is proficient at transendothelial migration, it is poor at migration and invasion in other contexts. 17 Underlying this behavior, ZEB1 directly represses laminin-332 (a promigratory molecule) and its receptor, integrin β4. These and other results suggest that different populations of cancer cells-some exhibiting EMT-like states and others not-may cooperate to achieve an overall invasive tumor phenotype (Figure 1c) . 23, 97 Cell survival Although far less explored than its impact on invasive behavior, EMT-like states are also known to be associated with increased cell survival under various conditions, including those involved with therapeutic resistance. 1 As mentioned above, N-cadherin upregulation is associ ated with castrate-resistant disease and has been shown to regulate the antiapoptotic protein Bcl-2. 98 In addition to its role in driving an EMT-like state in prostate cancer, TMPRSS2-ERG fusions repress AR expression, perhaps providing a selective force for AR amplification leading to castrate-resistant prostate cancer.
29 SNAI1 has been shown to transcriptionally repress PTEN, contributing to upregulation of PI3K-AKT signaling and improved radioresistance. This is interesting in the context of prostate cancer (where monoallelic PTEN deletions are common), and suggests that SNAI1 may further abrogate PTEN function. 99 BMI-1 has been shown to promote resistance to docetaxel, which is currently the only chemotherapy option available for castrate-resistant, metastatic prostate cancer. 100 Both SNAI1 and TWIST1 have been implicated in the survival and proliferation of cancer cells in the bone micro environment, in part by contributing to bone remodeling. 101, 102 However, this must be reconciled with the observation that bone metastases typically retain E-cadherin expression. Although not yet substantiated in prostate cancer, an intriguing study indicated that both TWIST1 and TWIST2 might provide a route for cancer cells to bypass oncogeneinduced senescence. 103 This suggests the novel idea that oncogene activation provides a selective pressure for an EMT-like state early in tumorigenesis, with the invasive phenotype being an unfortunate byproduct. Taken together, these effectors of EMT-like states might contribute at multiple steps of the metastatic cascade to promote an aggressive phenotype (Figure 3) .
Clinical implications of EMT-like states

Diagnosis and prognosis
The pressing need to develop better strategies for early identification of patients with high-risk disease and effective treatments for advanced disease provides the motivation for investigating EMT-like states in prostate cancer. E-cadherin has not yet emerged as a standard prognostic marker in prostate cancer, but combinations of markers related to EMT do show promise. 46 PRC1 and PRC2 components and their targets are also strong candidates. 82, 104 Indeed, if the model is correct that EMTlike states are driven by localized micro environments, it may be difficult to capture with standard needle biopsy approaches. 105 Circulating tumor cells (CTCs) and disseminated tumor cells at sites such as bone have provided a new window to the metastatic process. 106 To date, CTCs have demonstrated limited prognostic value in prostate cancer; 107 however, current methods for CTC capture rely on epithelial markers, such as EpCAM (epithelial cell adhesion molecule). 106 Potentially more aggressive cells in an EMT-like state (that is, those displaying mesenchymal surface markers) may go undetected with this approach. The use of other surface markers reflective of EMT, such as N-cadherin, may improve the prognostic value of CTCs. However, isolation of what might be a minor subpopulation from an already difficult-torecover cell population could prove a daunting task. The utility of EMT-like states as prognostic bio markers may, therefore, remain confined to the evaluation of prostat ectomy specimens.
Future therapeutic potential
Is there any potential therapeutic utility for our knowledge of EMT-like states? A number of potential anti-EMT compounds do exist. The natural products genistein and silibinin have been reported to reverse EMT-like states in prostate cancer cell lines and/or inhibit progression and an EMT-like state in TRAMP mice, although the mechanisms that mediate these effects are unclear. [108] [109] [110] Moreover, the proteasome inhibitor salinosporamide A (also known as NPI-0052) and the nitric oxide donor DETANONOate have been reported to inhibit Snail expression and increase RKIP expression. 111, 112 Finally, antibodies against the secreted form of clusterin can block TGF-β-induced EMT in breast and prostate cancer cell lines. 113 Whether reversal of EMT is a desirable therapeutic goal is debatable, as metastases often exhibit epithelial features. If metastatic dissemination driven by an EMTlike state is an early event, one might not have an opportunity to intervene. However, given the relatively slow course of disease progression, EMT-inhibiting drugs could conceivably forestall the extent of meta stasis, perhaps by blunting the expansive growth of micrometastases. Moreover, if EMT-like states promote survival and therapeutic resistance, EMT-inhibitors, such as those that might inhibit the activities of PRC1 or PRC2, could augment other therapies, including chemo therapy and hormonal therapy. Thus, it is difficult to dismiss the possibility that such an approach could provide therapeutic benefit. An alternative approach to reversing or inhibiting an EMT-like state is to selectively target features of an EMT-like state. Toward this end, a very promising develop ment has been reported by Tanaka and colleagues, 94 who have developed mono clonal antibodies against N-cadherin, which are active in preclinical models of castrate-resistant prostate cancer.
Conclusions
After nearly two decades of research, there is not yet compelling evidence of a process identical to physiologic EMT in human prostate cancer (that is, a reversible, lineage-specific transdifferentiation in response to local inductive stimuli) that could account for the pathological findings. Yet, as described in this Review, there is an abundance of evidence that EMT-like states exist and are important for various aspects of prostate cancer progression and metastasis. This raises questions as to how these changes originate and what they really reveal about tumor biology. Extrinsic cues may trigger changes, but there are also examples in prostate cancer of intrinsic genetic and epigenetic events, such as TMPRSS2-ERG gene fusions, deletion of miR-101 and activation of EZH2, that drive EMT-like states. It is not entirely clear what selective pressures exist for the emergence of a motile and invasive phenotype in normally sessile epithelial cells during tumor evolution; however, if an EMT-like state reflects one means by which cancer cells can survive the stresses of aberrant oncogenic signaling, hypoxia, and inappropriate growth factor stimulation, then these forces may provide the missing selective pressure, with invasive and metastatic behavior being an unfortunate consequence. These unanswered questions will continue to provide an impetus for research in this area, with the ultimate aim of using this knowledge to improve the lives of patients.
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